Yeast Hsp104 and its bacterial homolog, ClpB, are Clp/Hsp100 molecular chaperones and AAA+ ATPases. Hsp104 and ClpB collaborate with the Hsp70 and DnaK chaperone systems, respectively, to retrieve and reactivate stress-denatured proteins from aggregates. The action of Hsp104 and ClpB in promoting cell survival following heat stress is species-specific: Hsp104 cannot function in bacteria and ClpB cannot act in yeast. To determine the regions of Hsp104 and ClpB necessary for this specificity, we tested chimeras of Hsp104 and ClpB in vivo and in vitro. We show that the Hsp104 and ClpB middle domains dictate the species-specificity of Hsp104 and ClpB for cell survival at high temperature. In protein reactivation assays in vitro, chimeras containing the Hsp104 middle domain collaborate with Hsp70 and those with the ClpB middle domain function with DnaK. The region responsible for the specificity is within helix 2 and helix 3 of the middle domain. Additionally, several mutants containing amino acid substitutions in helix 2 of the ClpB middle domain are defective in protein disaggregation in collaboration with DnaK. In a bacterial two-hybrid assay, DnaK interacts with ClpB and with chimeras that have the ClpB middle domain, implying that species-specificity is due to an interaction between DnaK and the middle domain of ClpB. Our results suggest that the interaction between Hsp70/DnaK and helix 2 of the middle domain of Hsp104/ClpB determines the specificity required for protein disaggregation both in vivo and in vitro, as well as for cellular thermotolerance.
Yeast Hsp104 and its bacterial homolog, ClpB, are Clp/Hsp100 molecular chaperones and AAA+ ATPases. Hsp104 and ClpB collaborate with the Hsp70 and DnaK chaperone systems, respectively, to retrieve and reactivate stress-denatured proteins from aggregates. The action of Hsp104 and ClpB in promoting cell survival following heat stress is species-specific: Hsp104 cannot function in bacteria and ClpB cannot act in yeast. To determine the regions of Hsp104 and ClpB necessary for this specificity, we tested chimeras of Hsp104 and ClpB in vivo and in vitro. We show that the Hsp104 and ClpB middle domains dictate the species-specificity of Hsp104 and ClpB for cell survival at high temperature. In protein reactivation assays in vitro, chimeras containing the Hsp104 middle domain collaborate with Hsp70 and those with the ClpB middle domain function with DnaK. The region responsible for the specificity is within helix 2 and helix 3 of the middle domain. Additionally, several mutants containing amino acid substitutions in helix 2 of the ClpB middle domain are defective in protein disaggregation in collaboration with DnaK. In a bacterial two-hybrid assay, DnaK interacts with ClpB and with chimeras that have the ClpB middle domain, implying that species-specificity is due to an interaction between DnaK and the middle domain of ClpB. Our results suggest that the interaction between Hsp70/DnaK and helix 2 of the middle domain of Hsp104/ClpB determines the specificity required for protein disaggregation both in vivo and in vitro, as well as for cellular thermotolerance.
Hsp40 | DnaJ | M-domain | GrpE | nucleotide exchange factor H sp104 of yeast and ClpB of bacteria are homologous ATPdependent molecular chaperones belonging to the Clp/ Hsp100 subfamily of the AAA+ (ATPases associated with various cellular activities) superfamily of proteins (1) (2) (3) . Hsp104 and ClpB are essential for thermotolerance (4, 5) and possess the power to reactivate proteins from insoluble aggregates (6) (7) (8) (9) (10) . In yeast, during nonstress conditions, Hsp104 is also essential for the propagation of prions (11) , which are self-replicating, ordered protein aggregates.
Hsp104 and ClpB consist of four domains: an N-terminal domain (NTD), two AAA nucleotide-binding domains (NBD-1 and NBD-2), and a middle domain (M-domain), which is located within NBD-1 [ Fig. 1A ; (12) ]. Hsp104/ClpB has a hexameric ring structure with a central channel (13) (14) (15) , resembling other Clp/ Hsp100 proteins (16, 17) . The current evidence suggests that Hsp104/ClpB uses the energy from ATP hydrolysis to disassemble aggregates by unfolding and translocating the unfolded polypeptides through the Hsp104/ClpB central channel (1, 3, 18, 19) .
Protein disaggregation by Hsp104 and ClpB in vitro requires the collaboration of a second ATP-dependent molecular chaperone, Hsp70/DnaK (6, 7, 9, 10) . Hsp70 and DnaK operate with two cochaperones (20, 21) ; Hsp40 and NEF (nucleotide exchange factor) function with Hsp70 while DnaJ and GrpE, a bacterial nucleotide exchange factor, act with DnaK. Hsp40/DnaJ stimulates Hsp70/DnaK ATPase activity and targets substrates for recognition by Hsp70/DnaK. NEF/GrpE facilitates the exchange of Hsp70/DnaK-bound nucleotide, thereby triggering the release of the substrate from Hsp70/DnaK. The cooperation between Hsp104/ClpB and the Hsp70/DnaK system is specific: Hsp104 acts with the eukaryotic Hsp70 system and ClpB functions with the prokaryotic DnaK system (6, 22) . Recently, it was reported that the Hsp104 and ClpB M-domain imparts the specificity between Hsp104/ClpB and Hsp70/DnaK in protein disaggregation in vitro (23) . The specificity between Hsp70/DnaK and Hsp104/ ClpB implies a direct interaction between the chaperones. Interactions have been observed in vitro between Escherichia coli ClpB and the substrate-binding domain of DnaK (24) , between ClpB and DnaK from Thermus thermophilus (25) , and between Hsc70 of plants and Hsp101, the Hsp104 homolog in plants (26) .
Hsp104 and ClpB have 43% sequence identity and are structural homologs. However, thermotolerance in yeast and bacteria is species-specific (27) . "Species-specific" is used here to mean that Saccharomyces cerevisiae Hsp104 cannot function in bacteria or in vitro with prokaryotic DnaK, and E. coli ClpB cannot act in yeast or in vitro with eukaryotic Hsp70. It has been observed that neither the NTD (28, 29) nor NBD-2 is responsible for the species-specificity seen in the thermotolerance process (27) . Despite the incompatibility between yeast and bacterial chaperones, functional collaborations of Hsp104 and Hsp70 from distantly related eukaryotic organisms have been shown. For example, mammalian cytoplasmic Hsp70 can cooperate with Hsp104 in providing yeast thermotolerance and in refolding aggregated proteins in vivo and in vitro (6, 18, 30) .
To determine the region(s) of Hsp104 and ClpB necessary for the specific action of Hsp104 in S. cerevisiae and ClpB in E. coli, we constructed and tested a series of chimeras in which we exchanged homologous regions of Hsp104 and ClpB. Our results from in vivo and in vitro experiments suggest that species-specific interactions between Hsp70/DnaK and helix 2 of the Hsp104/ ClpB M-domain are required for protein disaggregation and cellular thermotolerance.
Results
The M-Domain of Hsp104 and ClpB Confers the Species-Specificity for Thermotolerance. To identify the region(s) of Hsp104 and ClpB that determine the specific collaborations required for survival during severe heat stress, a series of chimeras were constructed. Based on sequence alignment of E. coli ClpB and S. cerevisiae Hsp104 and the T. thermophilus ClpB crystal structure (12), we exchanged one or more domain(s) from one chaperone with the corresponding domain(s) from the homologous chaperone ( Fig. 1 A and B) . The chimeras are designated by four characters representing the four domains of Hsp104/ClpB from the N to C terminus of the polypeptide. "B" denotes that the domain is derived from ClpB, and "4" denotes that the domain is from Hsp104. For example, B44B refers to the chimera with the NTD and NBD-2 from ClpB, and NBD-1 and the M-domain from Hsp104. All of the chimeras used in these studies formed hexamers in the presence of ATP and possessed ATPase activity in vitro (SI Text, Fig. S1 and S2).
We first wanted to determine which domain(s) of Hsp104 are required for a chimera to impart thermotolerance in yeast. We expressed plasmid-encoded Hsp104, ClpB, or chimeras under the control of the HSP104 promoter in a S. cerevisiae Δhsp104 strain and measured cell survival after exposure to heat stress at 50°C. All of the chimeras were expressed in S. cerevisiae, as observed by Western blot analysis (Fig. S3A) . The chimera, 444B, provided protection from heat nearly equal to that provided by Hsp104, as previously shown [ Fig. 1C , Fig. S3B (27) ]. We observed that B44B, BB4B, and 4B44 conferred ∼5-fold more protection from heat than the vector alone, although this level was ∼5-fold less than for 444B and wild type Hsp104 (Fig. 1C,  Fig. S3B ). All of the chimeras that promoted cell survival contain the Hsp104 M-domain; importantly, in BB4B only the M-domain is derived from Hsp104. Consistent with these findings, 4BB4, 44B4, and ClpB, all of which have the M-domain from E. coli ClpB, provided no additional protection from heat-induced killing over that seen for the vector control. Our observations demonstrate that a chimera requires the M-domain from Hsp104 to function in yeast thermotolerance.
We next tested the chimeras for the ability to support the growth of an E. coli clpB − strain at high temperature. Hsp104, ClpB, or chimeras were expressed from plasmids under the control of an arabinose-inducible promoter and cell survival at 50°C was measured. Western blot analysis showed that the chimeras were expressed in E. coli (Fig. S3C) . B4BB, 4BB4, and BBB4 increased cell survival by ∼30-fold in comparison to the vector control (Fig. 1D, Fig. S3D ). Notably, these three chimeras all contain the M-domain of ClpB, however ClpB provided ∼10-fold greater protection from heat stress than these chimeras. Hsp104 and chimeras containing the M-domain of Hsp104, B44B, and BB4B, did not enable E. coli clpB − cells to survive at high temperature (Fig. 1D, Fig. S3D ). The chimera with only the M-domain derived from ClpB, 44B4, did not provide protection from heat; however, this chimera is not active in protein reactivation in vitro, shown below. These observations imply that for a chimera to confer protection against heat-induced killing in E. coli, the ClpB M-domain is necessary. Taken together, the results suggest that the M-domain of Hsp104 and ClpB determines the species-specificity for the thermotolerance process in S. cerevisiae and E. coli.
The Hsp104 M-Domain Is Required for Chimeras to Function in Protein
Reactivation in Yeast. We tested whether the chimeras could reactivate a specific heat-inactivated substrate, luciferase, in yeast. Plasmids expressing Hsp104, ClpB, or chimeras under the control S. cerevisiae of the HSP104 promoter were introduced into S. cerevisiae Δhsp104 cells harboring a second plasmid encoding firefly luciferase. After induction of the chimeras at 37°C, the temperature was shifted to 44°C for 1 h to inactivate luciferase. Then the temperature was decreased to 25°C and luciferase activity was monitored (Fig. 2 ). Hsp104 and the chimeras possessing the M-domain of Hsp104, 444B, B44B, BB4B, and 4B44, promoted luciferase reactivation (Fig. 2) . Conversely, ClpB and the chimeras tested that contained the ClpB M-domain, 4BB4, and 44B4, were unable to reactivate luciferase. These results demonstrate the importance of the Hsp104 M-domain for compatibility with the yeast protein disaggregation machinery.
The M-Domain of Hsp104 and ClpB Provides the Specificity for the Hsp70 and DnaK System, Respectively, in Protein Reactivation In Vitro.
We next tested whether the M-domain acts as a specificity determinant in vitro using purified proteins. It has been shown that both Hsp104 and ClpB are able to reactivate aggregated proteins in vitro (6, 10) . Moreover, Hsp104 disaggregates protein aggregates in conjunction with the eukaryotic Hsp70 chaperone system [composed of human or yeast Hsp70 and yeast Hsp40 (6, 18) ] and is unable to function with the bacterial DnaK system [(6), Fig. 3] . Similarly, E. coli ClpB functions with the E. coli DnaK system and is inactive with the eukaryotic cytoplasmic Hsp70 system [(22), Fig. 3 ]. We first measured reactivation of urea-denatured luciferase by our chimeras in combination with a eukaryotic cytoplasmic Hsp70 system, comprised of human Hsp70 and yeast Hsp40. We found that all of the chimeras containing the M-domain of Hsp104 reactivated luciferase, while chimeras possessing the M-domain of ClpB were unable to cooperate with Hsp70 and Hsp40 (Fig. 3A) . However, the chimeras exhibited different relative luciferase reactivation activities in vitro (Fig. 3A) and in vivo (Fig. 2) , suggesting that different conditions in vivo and in vitro might affect the activity of the chimera.
We also tested the ability of the chimeras to collaborate with the Hsp70 system in the reactivation of another substrate, heataggregated GFP-38, which is a GFP fusion protein containing a 38 amino acid C-terminal polypeptide. We observed that chimeras with the M-domain of Hsp104 were able to reactivate heat-inactivated GFP-38 in the presence of the Hsp70 system, while those containing the ClpB M-domain were not (Fig. 3B) . These results corroborate the luciferase reactivation experiments showing that the Hsp104 M-domain provides the specificity for the Hsp70 system.
Reactivation of urea-denatured luciferase and heat-inactivated GFP-38 by the chimeras was also examined in combination with the E. coli DnaK system. We observed that both substrates were reactivated by the chimeras that contained the ClpB M-domain when incubated with DnaK, DnaJ, and GrpE ( Fig. 3 C and D ). An exception was 44B4, which was not active with either the DnaK or Hsp70 system*. As expected, chimeras containing the Hsp104 M-domain were unable to reactivate either substrate with the DnaK system ( Fig. 3 C and D) .
Our data suggest that the M-domain determines the specific collaboration between Hsp104/ClpB and the Hsp70/DnaK system in protein reactivation in vitro. Taken together with the in vivo luciferase reactivation data, these results imply that the cooperation between the M-domain of Hsp104/ClpB and the Hsp70/ DnaK system is required for protein disaggregation in vivo. Due to the requirement for protein disaggregation for thermotolerance (8) , it can be inferred that this same collaboration is important for thermotolerance.
The M-Domain of ClpB Interacts Specifically with DnaK In Vivo. The in vitro protein reactivation results suggest that the Hsp70/DnaK system collaborates with Hsp104/ClpB through contacts between the Hsp104/ClpB M-domain and Hsp70/DnaK or Hsp40/DnaJ. A previous study demonstrated that Hsp104 is able to reactivate protein aggregates in vitro in combination with S. cerevisiae Hsp70 and E. coli DnaJ (6). Therefore, it appeared likely that the component of the Hsp70/DnaK system that interacts with the Hsp104/ClpB M-domain is Hsp70/DnaK. To test this possibility, we used a bacterial two-hybrid system (31). DnaK was fused to the C terminus of one fragment of Bordetella pertussis adenylate cyclase, T25. ClpB, Hsp104, or a chimera was fused to the C terminus of the other fragment, T18. If DnaK and the chimera being tested interact, the T18 and T25 fragments reconstitute an active adenylate cyclase and a cAMP-dependent reporter gene, β-galactosidase, is expressed. T25-DnaK and the various T18-chimeras were cotransformed into an E. coli Δcya ΔclpB strain. Expression of fusion proteins was confirmed by Western blot analysis (Fig. S4A) . In control experiments, when the T18 and T25 fragments alone were coexpressed, colonies appeared white on indicator plates and expressed basal levels of β-galactosidase (Fig. 4 A and B) . When a leucine zipper domain was *A chimera similar to 44B4, but differing by several amino acids in the domain transitions has recently been observed to reactivate denatured luciferase with the DnaK system ∼10% above the level seen with the DnaK system alone, but only after several hours of incubation (23).
fused to both the T18 and T25 fragments (31) and coexpressed, colonies appeared red on indicator plates and expressed high levels of β-galactosidase (Fig. 4A, Fig. S4B ). When ClpB was fused to each of the cyclase fragments and coexpressed, colonies expressed high levels of β-galactosidase, as expected for a multimeric protein (Fig. S4B) .
We observed that cells coexpressing ClpB and DnaK formed red colonies on indicator plates and exhibited 3-fold higher β-galactosidase activity than the cells expressing DnaK and the T18 fragment alone (Fig. 4 A and B) . These results suggest that ClpB and DnaK interact in vivo. Conversely, there was no detectable interaction between Hsp104 and DnaK ( Fig. 4 A and B) . Cells coexpressing DnaK and either B4BB or 4BB4 formed colonies that appeared red on indicator plates and had higher β-galactosidase activity than the control (3.2-and 2.5-fold, respectively), suggesting that there is a specific interaction between DnaK and these chimeras (Fig. 4 A and B) . When 44B4, which contains only the M-domain of ClpB, was coexpressed with DnaK, colonies appeared pink on indicator plates and showed slightly higher β-galactosidase activity than the control (1.7-fold), suggestive of an interaction with DnaK (Fig. 4 A and B) . There was no detectable interaction between DnaK and chimeras containing the Hsp104 M-domain, B44B, 4B44, and BB4B (Fig. 4 A  and B) . Taken together, these results suggest that DnaK interacts specifically with E. coli ClpB via the ClpB M-domain.
Helix 2 and Helix 3 of the Hsp104/ClpB M-Domain Are Implicated in the Specificity for the Hsp70/DnaK System. We next wanted to more precisely identify the region within the M-domain that is involved in the collaboration between Hsp104/ClpB and Hsp70/DnaK. We constructed several chimeras of ClpB in which one or more of the four M-domain helices were replaced with the corresponding Hsp104 helices (Fig. 5 A and B) . To designate these ClpB chimeras we use "M-", for M-domain chimera, followed by lowercase "b" to designate that the helix is from ClpB, and "4" to indicate that it is from Hsp104. For example, M-bbb4 denotes ClpB with M-domain helices 1, 2, and 3 from ClpB and helix 4 from Hsp104.
When we tested the ClpB M-domain chimeras in luciferase reactivation assays in vitro with the DnaK system, we observed that M-4bbb and M-bbb4 reactivated luciferase, while M-444b was unable to reactivate luciferase (Fig. 5C ). These results show that helix 1 and helix 4 are not responsible for the specificity of ClpB for DnaK, suggesting that helix 2 and helix 3 are required for the collaboration. M-444b was able to reactivate luciferase with the Hsp70 system, while M-4bbb and M-bbb4 were inactive with the Hsp70 system (Fig. 5D) , showing that helices 1-3 from Hsp104 are sufficient to promote the collaboration with the Hsp70 system. Taken together, the results imply that helices 2 and 3 of the Hsp104 and ClpB M-domain participate in the collaboration with the Hsp70 and DnaK systems, respectively.
Mutations in Helix 2 of the ClpB M-Domain Affect Cooperation with the DnaK Chaperone System. We wanted to identify residues within the E. coli ClpB M-domain that are important for collaboration with the DnaK system. Because it has been shown that helix 3 interacts with NBD-1 and modulates ClpB ATPase activity (32) , it seemed more likely that helix 2 would be involved in the col-B T18-fused protein T25-DnaK T25--galactosidase activity (Miller Units)   T18-T25-T18-ClpB  T25-DnaK   T18-Hsp104  T25-DnaK   T18-B4BB  T25-DnaK   T18-4BB4  T25-DnaK   T18-4B44  T25-DnaK   T18-BB4B  T25-DnaK   T18-44B4  T25-DnaK   T18-ZIP  T25-ZIP   T18-B44B  T25 laboration with DnaK. We made site-directed mutations in groups of one to three residues in helix 2 that were predicted to be surface exposed (Fig. 6A ).
The mutants were tested in vitro for their ability to reactivate urea-denatured luciferase in conjunction with the DnaK system. Mut-1 (ClpB K438E;K439E;R440E ) and Mut-4 (ClpB A467H;S470E;G471E ) reactivated luciferase at ∼30% of the rate of wild type ClpB in combination with DnaK, DnaJ, and GrpE (Fig. 6B, Table S1 ). A double mutant containing the substitutions of both Mut-1 and Mut-4 (Mut-1+4) was also defective in luciferase reactivation (Fig. 6B, Table S1 ). A similar defect in protein disaggregation activity by Mut-1, Mut-4, and Mut-1+4 in combination with the DnaK system was observed using two other model substrates, heat-aggregated malate dehydrogenase, and GFP ( Fig. S5 A  and B) . Two additional M-domain mutants, Mut-2 (ClpB L444A ) and Mut-3 (ClpB R453A;Q454A ), which are located in helix 2 between Mut-1 and Mut-4, were indistinguishable from wild type ClpB in their ability to reactivate luciferase and other model substrates with the DnaK system ( Fig. 6 A and B, Fig. S5 A and B) .
In control experiments, all of the helix 2 mutants had ATPase activity similar to wild type ClpB (Fig. S5C) , formed hexamers in the presence of ATP (Fig. S1 ), and were similar to wild type in their ability to perform protein remodeling independent of the DnaK system (Fig. S5D) . Taken together these results suggest that certain residues located in helix 2 of the M-domain are important for the collaboration between ClpB and the DnaK system.
Discussion
Our results show that the unique M-domain of Hsp104/ClpB determines species-specific tolerance to heat stress and protein reactivation in vivo and in vitro. Moreover, the results suggest that this specificity is likely derived from a region within helix 2 of the M-domain.
The bacterial two-hybrid experiments point to an interaction between DnaK and the ClpB M-domain; intermolecular interactions were detected between DnaK and ClpB and also between DnaK and chimeras possessing the ClpB M-domain. Moreover, no interaction was detected between DnaK and chimeras containing the M-domain of Hsp104, showing that the interaction is specific and likely biologically relevant. However, these experiments do not resolve whether the interaction between the M-domain of ClpB and DnaK is direct or mediated through another protein, such as the cochaperone DnaJ or a protein substrate. Previous studies have shown that the Hsp40/DnaJ component of the Hsp70/DnaK system is exchangeable between various organisms (6, 22) . Thus, it is likely that Hsp70/DnaK is providing the interaction that determines species-specificity. Interestingly, while mammalian cells lack cytoplasmic Clp/Hsp100 proteins, mammalian cytoplasmic Hsp70 is able to function with yeast Hsp104 (30) . These studies suggest that Hsp70 has retained the ability to interact with Hsp104 and that the site of interaction may have been conserved as part of another function of Hsp70.
Results from the characterization of Hsp104/ClpB M-domain chimeras indicated that helix 2 and helix 3 likely contain the region of collaboration with the Hsp70/DnaK system. Further evidence for the involvement of helix 2 in the specificity between ClpB and the DnaK system was provided by the ClpB helix 2 mutants that are defective in collaborating with the DnaK system. Previous work of Bukau and colleagues found that mutants in helix 3 of the M-domain are also defective in DnaK-dependent disaggregation (32) . However, due to the proximity of helix 3 to NBD-1 and observed alterations in ClpB ATPase activity, it was suggested that helix 3 is involved in coupling the activity of DnaK with the protein threading function of ClpB (32) . Together these observations suggest a role of helix 2 in interacting with DnaK and transmitting signals through helix 3, to NBD-1 of ClpB.
Building upon the current models for protein disaggregation by Hsp104/ClpB and the Hsp70/DnaK system (1-3), our data are most consistent with a model in which Hsp70/DnaK functions directly with Hsp104/ClpB in the disaggregation process (Fig. 7) . The Hsp70/DnaK system interacts with the aggregate, likely performing some loosening and partial remodeling of the aggregate. Interactions between Hsp70/DnaK and a small region of the Hsp104/ClpB M-domain promote and stabilize Hsp104/ClpB binding to the aggregate. In addition, the interactions between Hsp70/DnaK and the M-domain of Hsp104/ClpB trigger signals that are propagated through the M-domain to NBD-1 of Hsp104/ ClpB. These signals activate the coupling of ATP hydrolysis by Hsp104/ClpB to polypeptide unfolding and translocation. After the polypeptide is unfolded and translocated through the central channel of Hsp104/ClpB, it is released in an unfolded conformation. The polypeptide either spontaneously refolds or is refolded with the aid of cellular chaperones. Establishing the precise functions of the Hsp70/DnaK system in disaggregation with Hsp104/ ClpB remains an important subject for future investigation.
Methods
Strains, Plasmids, and Proteins. E. coli Rosetta(DE3) ΔclpB and BTH101 ΔclpB were constructed as described (SI Text). SG22100 (E. coli MC4100 clpB∷kan) was from S. Gottesman (National Institutes of Health) (4). S. cerevisiae strain YKT52 Δhsp104 was from J. Weissman (University of California, San Francisco) (27) . Plasmids used for in vivo assays, for protein purification and for the two-hybrid assay were constructed as described in SI Text. Proteins were prepared as described in SI Text. The chimeras and ClpB mutants used had properties similar to wild type ClpB and Hsp104 (Fig. S1 , S2, S5C, S6). Protein concentrations given are for the protein oligomer.
Assays. In vivo assays for induced thermotolerance in S. cerevisiae (5, 27) , luciferase reactivation in S. cerevisiae (27) , cell survival at high temperature in E. coli (33) , and the two-hybrid assay (31) were performed as described with slight modifications (SI Text). Assays for reactivation of urea-denaturated luciferase (22) and heat-inactivated GFP-38 (34) were performed as described with some modifications (SI Text).
